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utility of stress echocardiography in the management of pa-
tients with valvular heart disease, future research should fo-
cus on the recognition of newer parameters identifying 
high-risk features including subsequent validation in a large 
population.  © 2017 S. Karger AG, Basel 

 Introduction 

 Stress echocardiography is a widely available, safe, 
low-cost, versatile imaging modality which is becoming 
increasingly recognized as a valuable tool in the assess-
ment of patients with valvular heart disease  [1–4] . It can 
be especially helpful in patients with slowly progressive 
valvular heart disease, which can result in gradual unin-
tentional adaptations including reduction in functional 
capacity, and a sedentary lifestyle  [5] . The 2014 American 
College of Cardiology (ACC)/American Heart Associa-
tion (AHA) Valvular Heart Disease Guidelines and 2012 
European Society of Cardiology (ESC) Guidelines on the 
Management of Valvular Heart Disease recognize the use 
of exercise testing in asymptomatic severe valvular heart 
disease (ACC/AHA class IIa recommendations) to objec-
tively (a) confirm the absence of symptoms, (b) evaluate 

 Keywords 

 Stress echocardiography · Exercise · Dobutamine · Valvular 
heart disease · Sports eligibility · Guidelines 

 Abstract 

 Stress echocardiography is a widely available, safe, low-cost, 
versatile imaging modality which is becoming increasingly 
recognized as a valuable tool in the assessment of patients 
with native and prosthetic left-sided valvular heart disease. 
It provides a quantitative assessment to help guide clinical 
decision-making when discordance exists between symp-
toms and severity of valve disease. Exercise (treadmill or
bicycle) remains the preferred stress modality, but pharma-
cological augmentation with dobutamine can be used if 
needed. Low-dose dobutamine stress echocardiography is 
specifically valuable in patients with low-flow, low-gradient 
aortic stenosis when attempting to differentiate true severe 
aortic stenosis from pseudo-severe aortic stenosis. Stress 
echocardiography not only identifies high-risk features that 
indicate need for earlier surgery, it also provides useful infor-
mation for the peri- and postoperative period, including 
long-term outcome, risk stratification to guide monitoring 
frequency, and offers guidance for eligibility in competitive 
sports participation. As research continues to expand the 

 Received: November 22, 2016 
 Accepted after revision: February 7, 2017 
 Published online: April 11, 2017 

 James L. Gentry III, MD 
 Robert and Suzanne Tomsich Department of Cardiovascular Medicine 
 Heart and Vascular Institute, Cleveland Clinic, J3-5 
 9500 Euclid Avenue, Cleveland, OH 44195 (USA) 
 E-Mail gentryj   @   ccf.org 

 © 2017 S. Karger AG, Basel 

 www.karger.com/crd 



 Gentry III/Phelan/Desai/Griffin

 

Cardiology 2017;137:137–150
DOI: 10.1159/000460274

138

the hemodynamic response to exercise, and (c) provide 
guidance on prognosis  [6, 7] . Additionally, the European 
Association of Cardiovascular Imaging and the American 
Society of Echocardiography have recently published a 
joint document highlighting the use of stress echocar-
diography in nonischemic heart disease with a large pro-
portion dedicated to valvular heart disease  [8] .

  Types of Stress Test 
 Stress echocardiography can be performed before and 

after exercise (treadmill/bicycle), or, in specific situations 
such as low-flow, low-gradient (LFLG) aortic stenosis 
(AS), pharmacological stress using low-dose dobutamine 
(up to 20 μg/kg/min) to augment the cardiac output and 
determine the effect of this on the aortic valve (AV) area 
(AVA) and transvalvular pressure gradients (TPGs)  [9] . 
In any stress test for the assessment of valve disease, com-
prehensive hemodynamic data and images are acquired 
at rest and subsequently at peak exercise. This enables to 
determine the hemodynamic impact of the valve lesion 
on the affected valve gradients and regurgitation, pulmo-
nary pressures derived from tricuspid regurgitation ve-
locity recordings, left ventricle (LV) and right ventricle 
(RV) size and function while also providing information 
on functional capacity. These parameters not only prog-
nosticate but also provide insight into the significance of 
the valvular lesion under differing physiological loading 
conditions, can help determine the need for and timing 
of intervention, as well as provide objective evidence of 
functional limitations  [9] .

  Parameters Monitored during Stress 
 Patients typically first undergo a full resting echocar-

diogram which includes standard assessment of biven-
tricular volumes and function along with specific mea-
surements of valve hemodynamics including TPGs, valve 
area, stroke volume, and resting RV systolic pressure 
(RVSP). Most of these measurements are repeated at peak 
stress with the addition of pertinent disease parameters as 
needed. Cycle ergometers have the advantage of allowing 
acquisition of measurements during stress, unlike tread-
mill testing where the measurements are made at the 
completion of exercise. It is important that whoever is 
performing the exercise study is aware of the hierarchy of 
priority of the individual parameters. For instance, in mi-
tral stenosis (MS), the pressure gradients at peak exercise 
are often the initial parameters acquired at peak exercise 
whereas for mitral regurgitation (MR), this may be the LV 
size and function and severity of regurgitation at peak ex-
ercise. What constitutes an abnormal response to exercise 

will vary by valve lesion, age, and gender. Typically, a 
stress echocardiogram is considered abnormal if any of 
the following conditions occur: symptoms occur at lower 
than expected workload, exercise capacity is <85% of that 
of an age- and gender-matched cohort, blood pressure 
(BP) falls in response to stress or is blunted (systolic BP 
rise <20 mm Hg), development of exercise-induced pul-
monary hypertension (PHTN) (RVSP >60 mm Hg), in-
crease in severity of valvular regurgitation, depression in 
LV ejection fraction (LVEF) including development of 
regional wall motion abnormalities, or development of 
significant sustained ventricular arrhythmias  [9, 10] . Ad-
ditional specific abnormalities will be addressed in their 
respective sections.

  Aortic Valve 

 Aortic Stenosis 
 Severe Aortic Stenosis 
 Current AHA/ACC and ESC guidelines recommend 

AV replacement (AVR) for severe AS with the onset of 
typical symptoms (class I), if asymptomatic when LVEF 
<50% (class I), and reasonable regardless of symptoms in 
very severe AS (peak velocity >5.0 m/s; mean pressure 
gradient >60 mm Hg) (class IIa). The ACC/AHA and 
ESC guidelines also recommend AVR for asymptomatic 
severe AS patients who undergo exercise testing and de-
velop symptoms (class I) or have an abnormal BP re-
sponse (class IIa)  [6, 7] . The ESC guidelines also state that 
AVR can be considered in patients with low surgical risk 
if their mean aortic pressure gradient increases >20 mm 
Hg with exercise compared to rest  [7] . Lastly, AVR is
reasonable for patients with moderate AS who are un-
dergoing cardiac surgery for another indication (class IIa) 
 [6, 7] .

  AS is a slowly progressive disease with average reduc-
tion in AVA of 0.1 cm 2  per year, peak transvalvular veloc-
ity increase of 0.1–0.3 m/s/year, and mean gradient in-
crease of 3–10 mm Hg per year  [11] . Fortunately, disease 
progression in most patients is slow; however, this results 
in patients unintentionally limiting their activities and 
thus remaining apparently “asymptomatic.” However, 
recognition of symptoms is vitally important as it is as-
sociated with a 50% mortality at 2 years without surgical 
intervention  [12, 13] . At this time, no medical therapies 
are proven to prevent or slow the progression of AV ste-
nosis, and definitive therapy involves AVR via surgical or 
a catheter-based approach for patients with elevated sur-
gical mortality. According to data from the European As-
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sociation for Cardiothoracic Surgery and the Society of 
Thoracic Surgeons in 2010, 30-day mortality for isolated 
AVR is approximately 3%; however, rates vary based on 
experience, and the most recent in-hospital mortality 
data from our own institution in 2014 is significantly low-
er at 0.5%  [14] .

  Use of stress echocardiography provides guidance in 
identifying “asymptomatic” patients who have gradually 
decreased their functional capacity or developed latent 
LV dysfunction that would benefit from AVR as com-
pared to watchful waiting  [6, 7] . Symptom-limited exer-
cise testing and low-dose dobutamine stress echocardiog-
raphy (DSE) have both been proven to be safe to perform 
in patients with asymptomatic severe AS with appropri-
ate physician supervision and close monitoring of the 
electrocardiogram and BP  [1, 3, 4] . However, stress echo-
cardiography is contraindicated and has no role in pa-
tients with symptomatic severe AS (class III) as there is a 
risk of cardiovascular catastrophe with stress in this pop-
ulation  [6] .

  Based on prior studies of patients with asymptomatic 
severe AS who have undergone exercise stress echocar-

diography (ESE), two thirds of tests are abnormal related 
to exercise parameters alone, including one third being 
attributable to the development of symptoms alone. An 
abnormal ESE is associated with an 8-fold higher risk of 
major adverse cardiac events, including a 5.5 times high-
er risk of sudden death, and increased longer-term mor-
tality risk (up to 12 years) ( Fig. 1 )  [15, 16] . Furthermore, 
a normal test provides reassurance with an excellent 
1-year prognosis without need for surgical intervention 
 [16] . 

 Stress echocardiography can also help identify high-
risk patients that may require more frequent monitoring 
for disease progression. In 2 separate studies of patients 
with at least moderate AS (AVA <1.2 cm 2 ), the presence 
of an increase in mean AV gradient >18–20 mm Hg on 
exercise was associated with a 3.8–10 times higher risk of 
cardiovascular events (symptoms, hospitalization for 
heart failure, death, and/or need for AVR)  [17] . The pres-
ence of exercise-induced PHTN (RVSP >60 mm Hg) in 
patients with asymptomatic severe AS is also associated 
with a 2 times lower cardiac event-free survival compared 
to those without exercise-induced PHTN. Lastly, the ab-
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  Fig. 1.  Abnormal exercise stress echocardiogram: severe aortic ste-
nosis in a 79-year-old male with asymptomatic severe aortic valve 
(AV) stenosis with an AV area of 0.83 cm 2  by the continuity equa-
tion using velocity time integral (VTI).  a  Resting peak and mean 
AV gradients of 69 and 44 mm Hg with a peak velocity of 4.1 m/s.
 b  Resting electrocardiogram (ECG) with a blood pressure (BP) of 

160/98 mm Hg.  c  Exercise peak and mean AV gradients of 112 and 
57 mm Hg with a peak velocity of 5.3 m/s.  d  Exercise ECG with 
diffuse >2 mm ST segment depression and reciprocal elevation in 
aVR and fall in BP to 130/70 mm Hg at peak exercise (8.6 meta-
bolic equivalents). HR, heart rate. 

Co
lo

r v
er

si
on

 a
va

ila
bl

e 
on

lin
e



 Gentry III/Phelan/Desai/Griffin

 

Cardiology 2017;137:137–150
DOI: 10.1159/000460274

140

sence of contractile reserve is indicative of intrinsic myo-
cardial dysfunction and portends both a worse event-free 
survival and a higher risk of early postoperative LV de-
compensation  [18] . The absence of LV contractile reserve 
is defined as the absence of an exercise-induced increase 
in LVEF, stroke volume increase of <20% or, more sensi-
tively, as a <2% increase in global longitudinal strain 
(GLS)  [18, 19] . Most of these high-risk features ( Table 1 ) 
are not currently recognized as an indication for AVR, 
but if present at least indicate a patient population that 
should be followed more closely and may require AVR 
sooner than those without these features.

  Low-Flow, Low-Gradient Aortic Stenosis 
 Patients with reduced systolic function, AVA <1.0 

cm 2 , and mean AV gradient <40 mm Hg are classified as 
LFLG-AS. This group is comprised of individuals with 
both true severe AS who would benefit from AVR and 
pseudo-severe AS who benefit from medical therapy but 
not AVR. Patients with pseudo-severe AS make up ap-
proximately 30% of patients classified as LFLG-AS. These 
patients have an inappropriately low AVA <1.0 cm 2  oc-
curring in the setting of impaired LV function with resul-
tant submaximal opening of a mildly-to-moderately ste-
notic valve  [20, 21] . Low-dose DSE plays an important 
role in differentiating pseudo- from true severe AS ( Fig. 2 ) 
 [22] . If contractile reserve is present with stress testing 
(>20% increase in stroke volume), patients with true se-
vere AS may increase their mean AV gradient to >40 mm 

Hg while maintaining an AVA <1.0 cm 2 . In contrast, the 
AVA will increase to >1.0–1.2 cm 2  with only a minimal 
increase in AV gradients in patients with pseudo-severe 
AS  [23] . The presence of contractile reserve has addition-
al prognostic value for patients undergoing AVR being 
associated with a 5% perioperative morality if present 
compared to 32% if absent  [22] .

  However, the lack of contractile reserve can make it 
challenging to differentiate true severe AS from pseudo-
severe AS. Emerging research proposes the use of a pro-
jected AVA (AVA proj ) to accurately discriminate between 
these two entities for patients with both reduced and pre-
served systolic function  [10, 20, 21, 24, 25] . AVA proj  cal-
culates what the AVA should be at a normal transvalvular 
flow rate (Q) of 250 mL/s and allows comparison among 
different patients. Flow rates at different stages of the low-
dose DSE protocols are used to derive the compliance of 
the valve/AVA from regression of the created line ( Fig. 3 ). 
An AVA proj  value >1.2 cm 2  is consistent with pseudo-se-
vere AS while <1.0 cm 2  is defined as true severe AS. This 
tool has been validated to not only define severity of ste-
nosis but also to predict adverse events (higher risk with 
lower AVA proj;  HR 1.32 per 0.1-cm 2  decrease in AVA proj ) 
in both preserved and depressed ejection fraction through 
work performed in the TOPAS (True or Pseudo Severe 
Aortic Stenosis) trial  [20, 21] .

  Paradoxical LFLG-AS has also recently been recog-
nized as a separate group of patients with impaired out-
come and is defined as having a mean transaortic gradient 

 Table 1.  Aortic stenosis (AS): abnormal stress echocardiography responses and contraindications

High-risk findings with stress Contraindications

Severe AS Asymptomatic
Development of symptomsa

Exercise capacity <85% of predicted for age/gendera

Severe symptomatic AS
Very severe AS

Abnormal blood pressure responsea

Decline in left ventricular ejection fraction
Increase in mean gradient >18 – 20 mm Hgb

Increase in right ventricular systolic pressure >60 mm Hg
Absence of contractile reserve
Slow heart rate recovery

Low-flow,
low-gradient AS

Absence of contractile reserve

Moderate AS If resting mean gradient >35 mm Hg, exercise-induced
increase in mean gradient >20 mm Hg

 a Indication for aortic valve replacement. b European Society of Cardiology (ESC) indication for aortic valve 
replacement if low operative risk. 
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<40 mm Hg and AVA <1.0 cm 2  with a preserved ejection 
fraction (>50%), but with a reduced stroke volume index 
(<35 mL/m 2 ). These patients are typically elderly with a 
history of hypertension which over time causes marked 
LV hypertrophy, small LV size, and an ensuing dimin-
ished stroke volume index  [26] . Traditionally, DSE has 
not been used in this patient population with the histori-
cal exception of being used in the original transcatheter 
AVR trials to achieve a mean gradient of 40 mm Hg or 
peak velocity of 4.0 m/s required for trial inclusion  [27, 

28] . However, recent data by Clavel et al.  [29]  have shown 
that AVA proj  performed superior to alternative stenotic 
indices in differentiating true severe AS from pseudo-se-
vere AS in patients with paradoxical LFLG-AS. However, 
this is not currently recommended for use in clinical 
practice as these findings have not been validated in any 
large population study, and there is a paucity of safety 
data for use of low-dose DSE in these patients.

  Moderate Aortic Stenosis 
 ESE also has potential utility in patients with moderate 

AS to help determine appropriate clinical follow-up  [30] . 
Currently, the ACC/AHA recommends repeating an 
echocardiogram in 1–2 years for moderately-severe AS 
(stage B)  [6] . However, higher-risk patients have been 
identified with resting mean AV gradients >35 mm Hg 
and exercise-induced gradient augmentation in mean AV 
gradient >20 mm Hg who are at significantly higher risk 
for requiring surgical AVR or death during a mean fol-
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  Fig. 2.  Low-dose dobutamine stress echocardiogram: low-flow, 
low-gradient severe aortic stenosis in a 69-year-old male with sys-
tolic dysfunction (left ventricular ejection fraction 36%) with a low 
stroke volume index (25 mL/m 2 ) and an aortic valve (AV) area of 
0.91 cm 2  by continuity by velocity time integral (VTI) (left ven-
tricular outflow tract [LVOT] diameter 2.2 cm).  a  Resting peak and 
mean AV gradients of 32 and 20 mm Hg, respectively, with a peak 

velocity of 2.84 m/s.  b  Resting LVOT-VTI of 14.8 cm consistent 
with a low output state.  c  Dobutamine at 20 μg/kg/min with peak 
and mean AV gradients of 65 and 33 mm Hg, respectively, and a 
peak velocity of 4.0 m/s.  d  Increase in LVOT-VTI to 22.5 cm con-
sistent with the presence of contractile reserve and a calculated AV 
area of 1.0 cm 2  by continuity by VTI.  

AVAproj = 
AVApeak – AVArest  

Qpeak – Qrest  
× (250 – Qrest) + AVArest 

  Fig. 3.  Projected aortic valve area (AVA proj ) equation. Q, transval-
vular flow rate.               
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low-up of 20 months. Based on this research, Marechaux 
et al.  [30]  proposed that patients with a resting mean gra-
dient >35 mm Hg with an exercise-induced gradient aug-
mentation <20 mm Hg should be followed by at least 
yearly echocardiograms and every 6 months if their exer-
cise-induced mean gradient increases >20 mm Hg. It 
should also be noted that it is vitally important to verify 
that AV gradients are accurately obtained from multiple 
acoustic windows, including apical 5-chamber, supra-
sternal, and right parasternal views to ensure the highest 
AV velocities are being obtained both at rest and with 
stress. Failure to obtain the highest velocities results in 
underestimation of the severity of the valve disease. Oth-
er limitations also include patients being imaged by dif-
ferent sonographers and/or different ultrasound ma-
chines.

  Aortic Regurgitation 
 Chronic Severe Aortic Regurgitation  
 The ACC/AHA and ESC guidelines recommend sur-

gical AVR for patients with symptomatic severe aortic re-
gurgitation (AR) (class I), asymptomatic chronic severe 
AR with LV systolic dysfunction (LVEF <50%) where the 
dysfunction is thought to be related to AR (class I), or 
those with moderate (ACC/AHA only) or severe AR un-
dergoing cardiac surgery for other indications (class IIa 
and I, respectively). AVR is also reasonable in severe AR 
with normal LV systolic function but severe LV dilation 
(LV end-systolic diameter [LVESD] >50 mm or indexed 
LVESD >25 mm/m 2  or LV end-diastolic diameter 
[LVEDD] >70 mm [ESC only]) (class IIa) and can be con-
sidered in severe AR with normal LVEF but with prog-
ressive severe LV dilation (LVEDD >65 mm; ACC/AHA 
only) (class IIb)  [6, 7] .

  Similar to patients with AS, exercise testing can un-
mask symptomatic patients previously classified as being 
asymptomatic or with equivocal symptoms who would 
receive a significant mortality benefit from AVR com-
pared to delaying surgery. However, the progression of 
disease in asymptomatic severe chronic AR is much slow-
er based on the natural history of the disease with an es-
timated annual progression (requiring AVR or death) 
rate of approximately 6%  [31] . Monitoring for disease 
progression is particularly important in patients with a 
dilated LV in order to perform timely intervention prior 
to the development of irreversible dysfunction. In pa-
tients who do not meet criteria for AVR, ESE can also be 
used to assess contractile reserve to detect subclinical LV 
dysfunction. Despite being asymptomatic or only mildly 
symptomatic, the absence of contractile reserve is more 

predictive of the development of systolic dysfunction 
both at follow-up (medical therapy) and postoperatively 
than parameters obtained at rest  [32, 33] . Patients with 
severe AR may demonstrate an exercise-induced fall in 
LVEF due to the hemodynamic consequences of volume 
overload and increased afterload. This finding is nonspe-
cific, and the reliability of this finding in predicting out-
come is controversial. This topic was not specifically ad-
dressed in the most recent ACC/AHA and ESC guide-
lines, but, based on previous valve guidelines, it was 
considered a class III indication for surgical AVR when 
found in isolation  [34] .

  RV function has also been increasingly recognized as 
an important prognostic parameter. Exercise tricuspid 
annular plane systolic excursion (TAPSE), a simple pa-
rameter used to assess RV function, which can easily be 
performed with exercise, was found to be independently 
associated with the need for earlier AVR in patients with 
asymptomatic severe AR if <21 mm  [35] . Other recent 
research has proposed parameters such as exercise tissue 
Doppler peak systolic mitral annular velocity and atrio-
ventricular plane displacement, as well as exercise global 
longitudinal function, which will require further evalua-
tion prior to acceptance in clinical practice  [36, 37] . 
While none of these exercise parameters have been in-
cluded in guidelines for routine clinical use, these param-
eters could be considered for use to help anticipate surgi-
cal timing in higher-risk patients with parameters near-
ing recommendations for AVR, including LVEF 50–55% 
or LVESD approaching 50 mm or indexed LVESD 25 
mm/m 2  ( Table 2 )  [38] .

  Mitral Valve 

 Mitral Stenosis 
 Percutaneous mitral balloon commissurotomy 

(PMBC) or mitral valve (MV) surgery is recommended 
for patients with severe symptomatic MS (ACC/AHA 
and ESC; class I)  [6, 7] . Per the ESC guidelines, PMBC can 
also be considered in asymptomatic patients with MV 
area (MVA) <1.5 cm 2  only if they have favorable charac-
teristics and either a high thromboembolic risk (history 
of embolism, dense spontaneous contrast in the left atri-
um, or recent or paroxysmal atrial fibrillation) or a high 
risk of hemodynamic decompensation (rest RVSP >50 
mm Hg, need for major noncardiac surgery, or desire for 
pregnancy)  [7] . Additionally, the ACC/AHA recognizes 
the consideration of PMBC for symptomatic patients 
with MVA >1.5 cm 2  if there is evidence of hemodynami-
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cally significant MS during exercise (pulmonary capillary 
wedge pressure >25 mm Hg or mean valve gradient in-
crease >15 mm Hg) (class IIb). Per ACC/AHA guidelines, 
MV surgery is only indicated in patients who are severely 
symptomatic (New York Heart Association [NYHA] 
class III/VI), without high surgical risk, and are not a
candidate for PMBC (class I)  [6] . The ESC has similar 
recommendations with the exception of not quantify-
ing the severity of symptoms required for surgery  [7] . In 
asymptomatic severe MS, the ACC/AHA recommends 
undergoing MV surgery if undergoing cardiac surgery for 
other indications (class I; class IIb for moderate MS 
[MVA 1.6–2.0 cm 2 ]) and PMBC in very severe MS in the 
presence of favorable anatomy (class IIa)  [6] .

  Stress echocardiography is most valuable in MS when 
discordance exists between symptoms and the severity of 
stenosis (symptomatic moderate MS or asymptomatic se-
vere MS) to assess for a clinically relevant increase in 
mean MV gradient and/or pulmonary artery pressures 
with stress (ACC/AHA class I)  [6, 7] . MV gradients and 
pulmonary artery pressures are influenced by exercise 
through increases in cardiac output and heart rate, and a 
decrease in diastolic filling time leading to an exponential 
rise in left atrial and pulmonary capillary pressures  [39] . 
This highlights why echocardiography performed at rest 
may not reflect the precise severity of the valvular disease. 
Since ESE is more physiologic, it is the favored modality 
and reveals symptoms in as high as 46% of patients with 
moderate-to-severe MS previously considered asymp-
tomatic  [40] . However, DSE may also be used if exercise 
cannot be performed.

  Elevation in pulmonary vascular resistance can occur 
as an adaptive response to protect the lungs from the de-
velopment of pulmonary edema and can be used as an 
indicator of the hemodynamic consequences of MS. With 

exercise, this adaptive response is unable to remain com-
pensated and becomes a high-risk feature when RVSP be-
comes elevated >60 mm Hg  [6, 34] . However, Brochet et 
al.  [40]  recently revealed that despite similar peak RVSP 
levels, the presence of a rapid rise in RVSP was superior 
(2-fold) at predicting the development of dyspnea and/or 
referral for valvular intervention than the presence of the 
rise in RVSP >60 mm Hg alone. Specifically, the higher-
risk groups developed an early rise of >90% increase in 
RVSP at 60 W of exercise. If DSE is performed, a mean 
gradient >18 mm Hg identifies a subgroup of individuals 
with a significantly higher proportion of clinical events, 
including hospitalization for dyspnea or arrhythmias, re-
quiring MV intervention, or death. Conversely, if the 
mean gradient is <18 mm Hg, this predicts an uneventful 
clinical course justifying a more conservative approach 
 [41] . Exercise may also occasionally identify patients who 
are symptomatic at exercise despite less severe degrees of 
MS in whom MR increases significantly with exercise and 
may be the more important lesion leading to symptoms 
 [42] .

  Current guidelines define hemodynamically signifi-
cant MS with exercise as an increase in mean MV gradient 
>15 mm Hg or pulmonary capillary wedge pressure >25 
mm Hg; however, there are limited data available to sup-
port these specific parameters. Furthermore, the most re-
cent ACC/AHA guidelines removed part of former class 
IIb recommendations in which exercise-induced PHTN 
(RVSP >60 mm Hg) was used as a parameter in the eval-
uation for PMBC  [6] .

  Presently, the ACC/AHA and ESC guidelines recom-
mend serial transthoracic echocardiograms for asymp-
tomatic severe MS every 1–2 years unless MVA is <1.0 
cm 2 , in which the ACC/AHA recommends a repeat echo-
cardiogram in <1 year  [6, 7] . However, the valvular guide-

 Table 2.  Chronic aortic regurgitation (AR): abnormal stress echocardiography and contraindications

High-risk findings with stress Contraindications

Severe AR Asymptomatic
Development of symptomsa 
Exercise capacity <85% of predicted for age/gendera

Severe symptomatic AR

LVEF 50 – 55%, LVESD approaching 50 mm, or indexed LVESD 
of 25 mm/m2 and absence of contractile reserve
Exercise tricuspid annular plane systolic excursion <21 mm
Absence of contractile reserve

 LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter.
 a Indication for aortic valve surgery. 
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lines do not incorporate use of all of the previously de-
scribed high-risk features ( Table  3 ;  Fig.  4 ). Individuals 
with these high-risk features are indicative of impaired 
exercise tolerance and should receive a more aggressive 
approach including more frequent monitoring at a mini-
mum.

  Mitral Regurgitation 
 Chronic Primary Mitral Regurgitation 
 The ACC/AHA and ESC valve guidelines recommend 

MV surgery as a class I indication if the patient is (a) 
symptomatic with LVEF >30% or (b) asymptomatic with 
LV dysfunction (LVEF 30–60% or LVESD >40 mm). MV 
repair for asymptomatic patients with preserved LV func-
tion is also felt to be reasonable (class IIa) by the ACC/
AHA and ESC if there is (a) high likelihood of successful 
repair (>95%) and low mortality rate (<1%), (b) a new 
onset of atrial fibrillation, or (c) presence of PHTN at rest 
(RVSP >50 mm Hg)  [6, 7] . In this same patient popula-
tion, MV repair can be considered (class IIb; ESC) if there 
is (a) presence of left atrial dilatation (volume index >60 
mL/m 2  body surface area) or (b) presence of exercise-in-
duced RVSP >60 mm Hg  [7] . In the 2014 ACC/AHA 
valve guidelines, the presence of exercise-induced RVSP 
>60 mm Hg was specifically excluded after previously be-
ing part of a class IIa indication in 2006  [6, 34] . In patients 
with LVEF <30%, MV surgery can also be considered 
(class IIb) for symptomatic patients based on the ACC/
AHA guidelines and only if refractory to medical therapy 
according to the ESC guidelines  [6, 7] . Only the ACC/
AHA guidelines address the topic of patients with MR 

undergoing cardiac surgery for another indication and 
recommend concomitant MV surgery for severe MR 
(class I) and moderate MR (class IIa)  [6] .

  Chronic Functional Mitral Regurgitation 
 Functional or secondary MR refers to a structurally 

normal MV with dysfunction being secondary to leaflet 
tethering, abnormal papillary muscles, LV dyssynchro-
ny, and/or reduced contractility/ischemia. Ischemic MR 
typically occurs when the posterior mitral leaflet is teth-
ered impairing MV coaptation and results in an eccen-
tric, posteriorly directed MR jet lending itself to under-
estimation of regurgitant severity. MV surgery only re-
establishes MV competence without addressing the 
primary disease process, thus outcomes in these circum-
stances are associated with a higher operative mortality 
and worse long-term prognosis compared to an equiva-
lent surgery for primary MR  [7] . For this reason, MV 
surgery recommendations are less aggressive compared 
to chronic primary MR and typically pertain to patients 
with persistent symptoms despite optimal medical ther-
apy or patients undergoing cardiac surgery for another 
indication.

  Per ACC/AHA guidelines, it is reasonable (class IIa) to 
undergo MV surgery for secondary severe MR at the time 
of either coronary artery bypass grafting or AVR and can 
be considered (class IIb) for moderate secondary MR if 
undergoing another cardiac surgery  [6] . The ESC guide-
lines offer stronger recommendations with a recommen-
dation to undergo MV surgery (class I) if they are under-
going coronary artery bypass grafting and LVEF is >30%, 

 Table 3.  Mitral stenosis (MS): abnormal stress echocardiography responses and contraindications

High-risk findings with stress Contraindications

Severe MS Asymptomatic
Development of symptomsa

Exercise capacity <85% of predicted for age/gendera

Severe symptomatic MS

Increase in mean gradient to > 18mm HG (DSE) or >15 mm Hg (ESE)
RVSP >60 mm Hg at peak exercise
>90% increase in RVSP at 60-W exercise

Moderate MS Increase in mean gradient >15 mm Hgb

 DSE, dobutamine stress echocardiography; ESE, exercise stress echocardiography; RVSP, right ventricular 
systolic pressure.

a Indication for percutaneous mitral balloon commissurotomy (PMBC) if symptomatic and favorable anato-
my. Mitral valve surgery is only indicated if patients are symptomatic (NYHA class III/IV only per ACC/AHA 
guidelines), not at high risk for surgery, and are either not candidates for PMBC or failed prior PMBC. b Indica-
tion for consideration of PMBC only if also symptomatic. 
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and reasonable (class IIa) if only moderate in severity re-
gardless of LVEF. If the LVEF is <30%, MV surgery is 
reasonable (class IIa) if there is an option for revascular-
ization of viable myocardium  [7] . Lastly, the ESC and 
ACC/AHA agree that MV surgery can be considered 
(class IIb) for patients with severe secondary MR if their 
symptoms persist despite optimal medical therapy and 
alternative therapies where indicated, such as chronic re-
synchronization therapy, have failed to improve symp-
toms  [6, 7] .

  Role of Stress Echocardiography in Mitral 
Regurgitation 
 Stress echocardiography, preferably ESE, plays a piv-

otal role in patients with chronic MV regurgitation, par-
ticularly in circumstances where a discrepancy exists be-
tween the patients’ symptoms and the severity of valvular 
regurgitation (i.e. asymptomatic severe MR or symptom-

atic moderate MR). Observational studies in asymptom-
atic or minimally symptomatic (NYHA I or II) patients 
with significant MR (>moderate) demonstrate that 20–
30% of patients are found to have a reduced functional 
capacity, are associated with a higher risk of adverse 
events and worse longer-term outcomes, including all-
cause mortality (up to 12 years), without early surgery 
 [43–45] . Based on exercise parameters alone, individuals 
who achieved 85–100 and <85% of age-/sex-predicted 
metabolic equivalents are associated with 2–3 times high-
er risks of all-cause mortality, myocardial infarction, 
stroke, and progression to congestive heart failure, re-
spectively. Additionally, a lower heart rate recovery is also 
indicative of a worse outcome  [46] .

  It is well documented that MR is a dynamic process. 
The severity and duration of MR may increase with exer-
cise and may help explain the symptomatic deterioration 
and association with a higher risk of mortality and pro-
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  Fig. 4.  Rest and exercise stress echocardiogram: severe mitral stenosis in a 68-year-old female with a history of 
rheumatic heart disease.        a ,  b  Rest peak and mean mitral valve (MV) gradients of 18.6 and 7.8 mm Hg with a right 
ventricular systolic pressure (RVSP) of 49 mm Hg at a heart rate (HR) of 59 beats/min.  c ,  d  Exercise stress with 
an increase in peak and mean mitral valve gradients to 33.7 and 21.0 mm Hg with an RVSP of 84.5 mm Hg at an 
approximate HR of 125 beats/min.    
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gression to heart failure in patients with at least 3+ MR 
 [47] . Where this possibility is suspected, it is vital to assess 
valve severity using color Doppler techniques at peak ex-
ercise. This may occur in MR due to MV prolapse (espe-
cially bileaflet involvement), rheumatic disease, and espe-
cially when there is a component of LV outflow tract ob-
struction with systolic anterior motion of the valve. Rest 
studies can also fail to recognize high-risk features, in-
cluding exercise-induced PHTN, latent LV dysfunction, 
onset of atrial fibrillation, and/or abnormal heart rate re-
covery.

  Both ACC/AHA and ESC guidelines recommend 
use of stress echocardiography (IIa indication) to quan-
tify exercise-induced changes in MR when a discrep-
ancy exists among valve severity and the presence/ab-
sence of symptoms  [6, 7] . The ESC additionally recog-
nizes the use of exercise echocardiography to quantify 
exercise-induced changes in MR, RVSP, and LV func-
tion and specifically recognizes the presence of exer-
cise-induced PHTN (RVSP >60 mm Hg) as a class IIb 
indication for surgery for asymptomatic patients with 
severe MR  [7] . For those individuals who do not meet 
criteria for surgical intervention, the ACC/AHA guide-
lines also support use of ESE to establish an exercise 
tolerance baseline for comparison with future assess-
ments (class IIa)  [6] .

  RV function has also been increasingly recognized as 
an important prognostic tool. Specifically, exercise 
TAPSE, if reduced (<at least 19 mm), was associated with 

earlier MV surgery in patients with significant (>3+) as-
ymptomatic MR  [48] . Alterations in deformation with 
exercise can be useful to detect subclinical LV dysfunc-
tion. GLS at peak exercise, specifically GLS greater than 
–18.5% and an exercise-induced change in GLS of <1.9, 
is predictive of postoperative LV dysfunction (LVEF 
<50%)  [49] . Exercise-induced improvement in GLS <2% 
was similarly found to be associated with a 2-fold higher 
risk of cardiac events (cardiovascular death, MV surgery, 
and hospitalization for acute pulmonary edema or heart 
failure)  [50] . Although not all of these high-risk features 
( Table 4 ) are indications for early surgical intervention, 
they may at least indicate that these individuals would 
benefit from a closer follow-up than would normally be 
indicated. Conversely, recent data for severe degenera-
tive MR suggest that the presence of a preserved func-
tional capacity as compared to those of similar age and 
gender may allow corrective surgery to be delayed by at 
least 1 year without risk of adversely affecting outcomes 
 [45] .

  Stress echocardiography is also useful in patients with 
functional MR, especially in ischemic MR. In asymptom-
atic patients, ESE can identify patients with unrecog-
nized symptoms but also reveal subclinical LV dysfunc-
tion secondary to silent ischemia. In symptomatic pa-
tients, ESE can objectively quantify symptoms, help 
establish an ischemic versus nonischemic etiology, and 
may assess the extent of myocardial viability to guide 
medical decision-making. Additionally, stress echocar-

 Table 4.  Mitral regurgitation (MR): abnormal stress echocardiography responses and contraindications

High-risk findings with stress Contraindications

Severe MR Asymptomatic, primary
Development of symptomsa

Exercise capacity <85% of predicted for age/gendera

Increase in RVSP >60 mm Hg with exerciseb

Latent left ventricular dysfunction
Onset of atrial fibrillation
Abnormal heart rate recovery

Severe symptomatic MR

Asymptomatic, secondary
RWMA consistent with ischemic territory
Development of acute pulmonary edema without obvious cause
Effective regurgitant orifice area increase >13 mm

Moderate MR Symptomatic 
Increase to severe MR 

RVSP, right ventricular systolic pressure; RWMA, regional wall motion abnormality.
 a Indication for mitral valve surgery. b European Society of Cardiology (ESC) indication for mitral valve sur-

gery if high likelihood of durable repair and low surgical risk. 
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diography provides prognostic value for systolic heart 
failure patients with ischemic MR. Specifically an in-
crease in the effective regurgitant orifice area of
≥13 mm2 with exercise is associated with increased mor-
bidity, mortality, hospitalization for worsening heart 
failure, and major cardiac events. Similarly, patients with 
a larger increase in RVSP with exercise (29 vs. 17 mm Hg) 
are at higher risk of hospitalization for heart failure and 
cardiac death  [51, 52] .

  Prosthetic Valves 
 Patients with prosthetic heart valves may develop ex-

ertional symptoms secondary to valve stenosis (leaflet 
calcification or pannus/thrombus formation) or regurgi-
tation, patient-prosthesis mismatch (PPM), significant 
coronary artery disease, PHTN, and/or another primary 
pulmonary process. Normal and abnormal functioning 
prostheses can generate similar TPGs at rest. Therefore, 
stress echocardiography is important to confirm the 
presence or absence of hemodynamically significant 
prosthetic valve stenosis or PPM, especially when discor-
dance exists among the patient’s symptoms and pros-
thetic valve hemodynamics measured at rest. Addition-
ally, prosthetic heart valves are inherently stenotic but 
can have normal TPGs at rest. Thus, valve dysfunction 
may only be recognized when evaluated with exertion 
 [53] .

  During ESE, a disproportionate increase in mean 
TPGs compared to rest TPGs (>20 mm Hg for aortic; >12 
mm Hg for mitral prosthesis) generally indicates a fixed 
obstruction either secondary to severe prosthesis dys-
function or PPM, especially if there is exact reproduction 
of the patient’s reported symptoms. The 2009 American 
Society of Echocardiography Prosthetic Valve Guidelines 
recommend that evaluating for a significant obstruction 
should be similar to guidelines used for native stenotic 
valves as previously described, including evaluation for 
the presence and/or severity of PHTN that, if present, can 
further support the case for valve dysfunction or PPM. 
Additionally, nonprosthetic causes, such as coronary ar-
tery ischemia with exertion, can be identified  [53] .

  An extremely important cause of exertional symptoms 
to recognize is PPM as it is essential during planning for 
subsequent valve replacements. PPM occurs when the ef-
fective orifice area (EOA) of the inserted prosthetic valve 
is too small relative to body size. For transvalvular gradi-
ents to remain low, the EOA must be proportionate in 
size to the patients’ cardiac output. This is especially im-
perative to recognize in patients with a large body surface 
area and a small aortic annulus as their native annulus 

may not fit the size of prosthesis required to avoid PPM 
 [54] . For this reason, PPM is more likely to be seen in pa-
tients with prostheses <21 mm (AV) or <25 mm (MV) 
than for larger prostheses  [55] . When PPM is present, 
abnormally high TPGs become even more elevated
during exercise secondary to an augmented cardiac out-
put with a fixed EOA as described by the hydraulic equa-
tion in which the TPG is a square function of flow (Q)
(TPG = Q 2 /[k × EOA 2 ])  [56] . The severity of PPM can be 
further quantified by indexing the EOA to body surface 
area (iEOA) with moderate PPM defined as an iEOA be-
tween 0.65 and 0.85 cm 2 /m 2  and severe if <0.65 cm 2 /m 2  
for the aortic position, and <1.2 and <0.9 cm 2 /m 2 , respec-
tively, for the mitral position  [54, 55] .

  Competitive Sports Eligibility 
 Exercise tolerance testing can also be used to deter-

mine eligibility for participation in competitive sports 
with specifics outlined in  Table 5  adapted from the ACC/
AHA 2015 Eligibility and Disqualification Recommenda-
tions for Competitive Athletes with Cardiovascular Ab-
normalities: Task Force 5: Valvular Heart Disease  [57] . 
Additionally, exercise testing can elucidate cardiac adap-
tations and pathologic changes occurring in response to 
exercise in athletes experiencing symptoms during train-
ing or competition. Sports are classified by their increas-
ing intensity of dynamic (I  →  III) or static exercise (A  →  
C) required to participate in that sport during competi-
tion (i.e., rowing represents a high-intensity dynamic and 
static exercise [IIIC] and bowling represents a low-inten-
sity dynamic and static exercise [IA]). Dynamic exercise 
requires a significant increase in cardiac output achieved 
through an increase in heart rate and stroke volume (via 
an increase in end-diastolic volume and a decrease in 
end-systolic volume) resulting in a volume challenge to 
the heart. Conversely, static sports, as a result of contrac-
tion of large muscle groups, produce large fluctuations in 
afterload. There are no prospective clinical trials evaluat-
ing competitive athletes with valvular heart disease; there-
fore, recommendations on eligibility to participate is 
largely based on expert opinion. Current guidelines place 
significant emphasis on the use of exercise testing to a 
level commensurate with the degree of proposed activity 
to decide about eligibility to participate. We recommend 
using stress echocardiography as the optimal means of 
stress testing due to the additional information provided 
by the imaging component of the examination, including 
the ventricular response to exercise, change in severity of 
the valvular lesion with stress, and change in RVSP ( Ta-
ble 5 ).
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source in the evaluation of valvular heart disease, it is 
always important to keep in mind the limitations of the 
test, including technical difficulties and variations in 
measured values related to different loading conditions, 
sonographers, and/or ultrasound machines. As ACC/
AHA and ESC guidelines continue to recognize the val-
ue of stress echocardiography, future research should 
continue to focus on recognition of exercise-induced 
maladaptations and their impact on long-term out-
comes.
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  Conclusions 

 Stress echocardiography, both exercise and pharma-
cological, plays a vital and expanding role in the man-
agement of patients with valvular heart diseases. Its pri-
mary use remains in native and prosthetic left-sided val-
vular lesions to identify optimal timing for surgical or 
percutaneous valve intervention. Stress echocardiogra-
phy not only identifies high-risk features that indicate 
the need for earlier surgery but also provides prognostic 
value for the peri- and postoperative period, appropriate 
diagnosis in the case of LFLG severe AS, and when a dis-
crepancy exists between symptoms and valve severity, 
risk stratification to guide monitoring frequency, and 
guidance for eligibility in competitive sports participa-
tion. Although stress echocardiography is a valuable re-

 Table 5.  2015 ACC/AHA sports eligibility recommendations for asymptomatic athletes and the role of exercise testing

Valve disease Eligibility for competitive sports Exercise tolerance 
testinga

Aortic valve
Aortic stenosis

Severe None except possibly low-intensity sports: class IA sports (class III) No
Moderate Low and moderate static/dynamic sports: classes IA, IB, IIA sports (class IIa) Yes (class IIa)
Mild All sports (class IIa) Yes (class IIa)

Aortic regurgitation
Severeb All sports (class IIb) Yes (class IIb)
LVEF <50% or severe LV dilationc None (class III) No
Mild to moderate All sports (class I) Yes (class I)
Moderate LV dilationd All sports (class IIa) Yes (class IIa)

Mitral valve
Mitral stenosis

Severe None except possibly low-intensity sports: class IA sports (class III) Yes (class I)
Moderate No specific recommendation given Yes (class I)
Mild All sports (class IIa) Yes (class I)

Mitral regurgitatione

Severe No specific recommendation given; recommend same as below Yes (class I)
Mild LV enlargementf Low- and some moderate-intensity sports: class IA, IIA, IB (class IIb) Yes (class I)
Moderate with mild LV enlargementf All sports (class IIa) Yes (class I)
Mild to moderateg All sports (class I) Yes (class I)
LV enlargementh, PHTN, or LVEF <60% None except possibly low-intensity class IA sports (class III) No

Anticoagulation None with risk of bodily contact (class III) No

 ACC, American College of Cardiology; AHA, American Heart Association; LV, left ventricle; LVEF, LV ejection fraction; PHTN, pulmonary hyperten-
sion.

a Exercise tolerance testing performed to the level achieved in competition or training without symptoms, ST segment depression, abnormal blood pres-
sure response, or ventricular tachyarrhythmias. b If normal exercise tolerance, LVEF >50%, LV end-systolic diameter (LVESD) <50 mm (men) or <40 mm 
(female) or indexed LVESD <25 mm/m2, and without evidence of progression of aortic regurgitation severity or severity of LV dilatation. c LVEF <50%, 
LVESD >50 mm or indexed LVESD 25 mm/m2, or severe increase in LV end-diastolic diameter (LVEDD) (>70 mm or 35.3 mm/m2 for men; >65 mm or 
>40.8 mm/m2 for women). d LVESD <50 mm for males or <40 mm for females or indexed LVESD <25 mm/m2. e Sustained increases in LV systolic pressures 
are theorized to potentiate further damage in patients with prior infective endocarditis or rupture chordae; therefore, the above recommendations should 
be tempered in these patients. f LVEDD <60 mm or 35.3 mm/m2 in men or <40 mm/m2 in women. g Sinus rhythm, normal LV size and function, and normal 
pulmonary artery pressure. h LVEDD >65 mm or 35.3 mm/m2 for men or >40 mm/m2 for women. 
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